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ABSTRACT

The OGO-1 and 0GO-3 broadband VLF (0.3 - 13.0 kHz) receivers observe
recurring forms of magnetic radiation in the magnetosphere. On the basis
of simple spectral characteristics the most commonly observed radiation
may be classified as banded chorus, banded hiss, or low-frequency noise.
Banded chorus consists of a band of discrete, narrowband emissions whose

center frequency f is between 0.1 and 0.6 f where f is the

Ho’ Ho

minimum gyrofrequency on the fieldline passing through the satellite.
During the latter half of 1966 banded chorus was observed most commonly
(on about 50% of the passes) in a region extending from L~ 4 - 5

near the dawn meridian to L~ 6 -~ 8 in the early afternoon. Occurrence
seemed to be independent of dipole latitude in the range i400, but was
positively correlated with magnetic activity. The parallel energy of
gyroresonant electrons is estimated to be on the order of 10 keV. A
tentative calibration indicates rapid rise times to broadband amplitudes
typically on the ordef of 10 - 100 milligammas during discrete banded
chorus emissions. Banded hiss consists of a band of diffuse, unstructured
radiation in the same normalized frequency range (0.1 < f/fHO < 0.8) as
banded chorus. It was not observed as commonly as the latter but
occurred in a roughly similar region. Low~frequency noise consists of
radiation at frequencies generally below 0.1 fHo' It seldom shows
discrete structure and usually extends to the 300 Hz low-frequency

cutoff of the receiver. It was observed most commonly (on about 70%

of the passes) at low L-values, generally within the plasmasphere. On

a single occasion narrowband radiation was observed above the expected

local electron gyrofrequency.
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I. INTRODUCTION

A. VLF EMISSIONS

Electromagnetic radiation at very low frequencies (VLF, f < 30 kHz)
may be divided into two broad categories: whistlers and emissions.
Whistlers,rwhich are dispersed impulses generated by lightning, have
been extensively studied and continue to yield valuable information on
the plasma environment of the earth. Emissions, broadly defined, include

all other naturally occurring VLF radiation, most of which is thought to

be generated by elementary particles in or above the iomosphere. Emissions

occur with wide variations of frequency, intensity, and spectral form.
Prior to 1959 all VLF observations were made below the ionosphere.
Gallet [1959] classified emissions as ''continuous" or "discrete" in
frequency. The former is often called "hiss", while a composite of
many discrete emissions is called 'chorus'. Pope [1963] found that the
diurnal maximum of chorus occurred later at higher latitude stations, and
that the maximum chorus frequency was higher at night than during the
day. Laaspere et al. [1964] reported that the center frequency of
chorus generally decreased with increasing latitude. Helliwell [1965]
reviewed the state of knowledge of emissions and prepared an extensive
atlas illustrating spegtrograms of typical ground station observations.
Ground observations are limited to that portion of VLF radiation
which is at the right frequency and angle of incidence and of sufficient
intensity to penetrate the ionosphere. Early, low altitude satellites
carrying VLF receivers, including Injun 3 [Gurnett and O'Brien, 1964]
and Alouette 1 [Barrington et al., 1963], confirmed the existence of
stronger VLF radiation above the ionosphere and observed new types of

emissions not seen on the ground. Even at these altitudes, however,
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radiation propagating down from the magnetosphere may be reflected above
the satellite, and the ray paths followed by the observed signals are
uncertain due to the complicated and variable composition of the topside
ionosphere.

OGO 1, launched in 1964, carried the first VLF receiver into the
outer magnetosphere. Using the digital stepping receivers, Dunckel and
Helliwell [1969] described the oc¢currence and intensity of emissions
below the electron gyrofrequency. They found that the highest observed
frequency was proportional to the equatorial gyrofrequency on the field-
line passing through the satellite, but that the strongest radiation
usually occurred near the receiver low-frequency cutoff of 300 Hz.
Ficklin et al. [1969] studied emissions having components above the
electron gyrofrequency. The present study is based on observations by
the broadband VLF receiver onboard the same satellite and OGO 3. This
receiver provides detailed spectral resolution of the emissions.

The source of most VLF emissions is generally assumed to be elemen-
tary charged particles spiraling along geomagnetic fieldlines. (Other
satellite-observed emissions may be nonpropagating electrostatic
oscillations of the ambient plasma). Energetic particles may in general
emit cyclotron and Cereénkov radiation; one pfoblem is to account for the
observed strength of the émissions, another is to explain the coherent
narrowband character of discrete emissions. Electrons emitting cyclotron
radiation at a frequency equal to their gyrofrequency Doppler-shifted
downward by their streaming velocity were considered by Stepenov and
Kitsenko [1961] and Dowden [1962). The generation mechanism may be
viewed as a transverse resonance plasma instability which proceeds

spontaneously when the resonant electron population has pitch angle
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anisotropy [Bell and Buneman, 1964; Brice, 1964b]. The radiation may
phase incoming electrons to produce discrete emissions [Brice, 1963;
Helliwell, 1967].

VLF emissions probably play an important part in the dynamics of
certain transient electron populations in the magnetosphere connected
with geomagnetic storms. This is an active area of research, but the
following tentative picture is representative of current ideas. Follow-
ing a magnetic substorm, enhanced fluxes of keV electrons appear in the
morning magnetosphere; these may be previously trapped lower energy
particles which have been accelerated, or they may be electrons which
have drifted in from the geomagnetic tail or the evening magnetosphere
[Jelly and Brice, 1967; Kavanagh et al., 1968]. Some of these may
generate VLF emissions through gyroresonance interactions. This
cyclotron radiation may in turn decrease the pitch angles of trapped
electrons in a random walk process until some electrons finally reach
the loss cone and are precipitated [Kennel and Petschek, 1966]. Some
of the precipitating electrons may emit bremsstrahlung radiation known
as X-ray microbursts [Oliven and Gurnett, 1968].

A more thorough understanding of the properties of VLF emissions 'is
first of all desirable in connection with the above interaction with
trapped electrons. The Kennel-Petschek [1966] theory envisioned
broadband radiation far below the electron gyrofrequency, whereas much
of the observed radiation is in fact discrete and near half the gyro-
frequency. At these frequencies electrons will diffuse in energy as well
as pitch angle, and the applicability of the theory is unclear. It may
be hoped that eventually the quantitative study of discrete emissions
will provide a diagnostic tool for measuring the space and velocity
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distribution of transient particles. In addition, ambient properties of
the tenuous region beyond the plasmapause such as density gradients and
magnetic field distortions might be investigated through their effects

on the propagation of VLF emissions. The study of natural VLF emissions
is valuable in its own right as an investigation of plasma instabilities

in an environment which cannot be duplicated in the laboratory.

B. CONTRIBUTIONS OF THE PRESENT WORK

The present paper is part of a continuing study of the properties
of VLF emissions, using observations from the OGO satellites as well as
from ground stations. It is concerned specifically with radiation observed
by the broadband VLF receivers onboard OGO 1 and OGO 3, primarily during
autumn 1966. Three distinct classes of emissions are defined and illus-
trated: banded chorus, banded hiss, and low-frequency noise. The
occurrence of radiation in each class is investigated as a function of
magnetic shell, dipole latitude, local time, and magnetic activity. The
relation of this radiation to VLF emissions observed on the ground and
in the topside ionosphere is discussed. Energies are calculated for
gyroresonant electrons which may generate banded chorus. The amplitude
of banded chorus radiation is estimated and rise and fall times of
discrete emissions are illustrated.

This study is complementary to that of Dunckel and Helliwell [1969]
using the OGO 1 digital VLF stepping receivers. It is also closely
related to a previous paper [Burtis and Helliwell, 1969] which interprets
some of the properties of banded chorus in terms of generation and propa-

gation of the radiation.
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C. SATELLITE ORBITS AND EQUIPMENT

Satellites OGO 1 and OGO 3 are members of the Eccentric Orbiting
Geophysical Observatory series and have highly elliptical, moderate-
inclination earth orbits. 1In September, 1966, during the time of data
collection for the present study, the perigee of OGO 1 was about 3.6 Re
(earth radii, geocentric), apogee was about 22 Re , the inclination was
52° , and the period was 63 hours 58 minutes; the perigee was slowly
increasing at a rate of about one earth radius per year. The orbit was
such that OGO 1 tended to enter the magnetosphere at high southern lati-
tudes, cross the dipole equator near perigee, and exit the magnetosphere
at high northern latitudes. OGO 3 had a much lower perigee of about
1.10 R_ , apogee 20 R_, inclination 34° , and period 48 hours
33 minutes. During its inbound passage through the magnetosphere 0GO 3
tended to remain at low latitudes near the dipole equator, while during
its outbound passage (some 7 hours earlier in local time) it tended to
be at northern midlatitudes. ZEach satellite remained within the magneto-
sphere for several hours each pass.

Both satellites carried similar broadband (0.3 - 13.0 kHz) VLF
receivers with magnetic loop antennas [Rorden et al., 1966] which pro-
vided the bulk of the data for the present study. The broadband receiver
output was telemetered to earth in real time on a special purpose channel
and provided continuous coverage of the entire band with 80 db dynamic
range. OGO 1 also recorded the broadband amplitude by means of a voltage
controlled oscillator; however, its postlaunch calibration is uncertain
as will be discussed in a later section. 1In addition to the broadband
receiver designed to provide detailed spectral resolution, both satellites
carried digital.stepped—frequency VLF receivers to provide detailed
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amplitude information over a broad (0.2 - 100 kHz) frequency range. The
digital data, when processed, were used in the present study to verify

hypotheses reached on the basis of the broadband data.

D. INTERPRETATION OF SPECTROGRAMS

VLF broadband receiver data were recorded on magnetic tape at the
satellite tracking stations. For data analysis the spectrum was later
displayed on film using a Rayspan spectrum analyzer. On such a spectro-
gram the ordinate is frequency, the abscissa is time, and the darkness
of the exposure at any point varies (non-linearly) with the amplitude of
the radiation.

When studying the spectrograms in this paper, the reader should keep
several points in mind. Horizontal lines at discrete frequencies (e.g.
2.46 kHz) are spurious signals caused by spacecraft equipment such as the
d-c to a-c converters. Temporal variations in the background level are
caused by 1) an onboard amplitude compression system which adjusts the
sensitivity of the receiver to the strongest signal present, and 2) for
OGO 1 a 12-second periodic fading of the telemetry signal due to the spin
of the spacecraft. (The spin axis was nearly parallel to that of the VLF
loop antenna, and except for telemetry fading the spin had no observed
effect in the data.) The. time mark code at the bottom of the spectrogram
is derived from the tracking station clock (WWV is usual ly available if
greater accuracy is required). In some cases (Figures 5, 11 and 15) the
amplitude VCO frequency has been translated and superimposed on the VLF
spectrum. In looking at all spectrograms it is important to note the
time and frequency scales, as compression or expansion of the record may

change the appearance of the activity considerably.
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Caution must be exercised in interpreting these records. Since the
sensitivity of the OGO broadband VLF receiver increases with frequency by
about 6 db per octave the higher frequencies are accentuated. Because
the receiver has a log compressor action (essentially a fast AGC) only
the strongest of several signals present may appear on the records.
Nonlinearities inherent in photographic processing may exacerbate these
difficulties. Thus strong hiss could conceal a weaker band of chorus,
although chorus would not be as likely to conceal hiss (the hiss would
tend to appear in any intervals between discrete chorus emissions). As
another example, broadband hiss with an upper-cutoff frequency oould
appear banded on the records due to the decreasing sensitivity at low
frequencies. 1In short, the apparent intensity as measured by the
relative darkness of activity on the broadband spectrograms can be quite
deceptive. These problems may often be overcome by referring to the

digital VLF data when it is available.
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11. CHARACTERISTICS OF VLF RADIATION IN THE MAGNETOSPHERE

A THE DATA

The records which provided the data for the present study consist
of continuous Rayspan spectrograms covering frequencies from 0.3 to
10.5 kHz, i.e., most of the range of the OGO broadband (0.3 - 13.0 kHz)
VLF receiver. About 250 hours of continuous data from OGO 1 (29 passes)
and OGO 3 (87 passes) were scaled according to the type of activity to
determine the regions of occurrence of VLF radiation, particularly
chorus, in the magnetosphere. During the 6-month period studied (June
through December 1966) the satellites traversed much of the magnetosphere.
The orbits are plotted in geocentric distance versus local time in
Figure 1. While OGO 1 remains inside about 6 earth radii in the morning
magnetosphere, it travels to sufficiently high magnetic latitudes to
cover L-values up to 9 or greater at all local times.

In mapping the data the satellite was located with three parameters:
dipole latitude & , fieldline parameter Ro , and local time LT
Ro is defined as the geocentric distance (in earth radii) to the
magnetic equator crossing of the magnetic fieldline passing through the
satellite. The distorted field model of Williams and Mead [1965] was
used for the geometry and strength of the magnetic field. The difference
between RO and the Jensen-Cain L-value was found to be less than 10%
for Ro <6 . Ro was used rather than I to emphasize the diurnal
variation of the distance to the equatorial generation region of certain
types of VLF noise. Geographic rather than magnetic local time wag used,
the difference always being less than an hour for the 0GO-1 and 0GO-3

orbits.
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FIGURE 1.

Satellite orbits for the period for which
occurrence statistics were calculated:

OGO 1, 16 September through 8 December 1966;
OGO 3, 25 June through 19 November 1966.
Coordinates are local time LT and geocentric
distance Re.
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Three types of activity were differentiated in scaling the records;
these may be called banded chorus, banded hiss, and low=frequency noise.
These three types include all VLF noise except whistlers commonly
observed in the data under investigation. While this classification
may be regarded as preliminary, it seems likely that the occurrence of
each type of noise depends on significantly different physical conditions
if not different processes. The differences in the three types of
activity are sufficiently pronounced that an unambiguous classification
can usually be made with little hesitation by the person scaling the
record. These three types may be thought of as a more detailed classifi-
cation of the spectral properties of emissions below the local electron
gyrofrequency reported by Dunckel and Helliwell [1969] using 0GO-1
digital data. Other types of activity such as "broadband noise" and
"highpass noise' observed in 0GO-1 digital data [Ficklin et al., 1969}
were not conspicuous in the present data. Broadband noise might be
difficult to distinguish from background noise in the present breadband
records; highpass noise occurs above the passband of the present
experiment,

Banded chorus, the first type of activity, is illustrated in

Figure 2, It consists of discrete, sometimes overlapping narrowband
emissions whose center fréquency f 1lies between approximately 0.1

and 0.6 times the minimum (equatorial) gyrofregquency fHo on the
fieldline passing through the satellite. The emissions tend to occur in
a single band within this range; the apparent bandwidth may vary widely
but is most often between 10% and 50% of the center frequency.r As the
satellite moves in to lower RO , this band of emissions moves to higher
frequencies corresponding to the increased gyrofrequency (magnetic field)

SEL-69~019 - 10 -
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FIGURE 2. Examples of banded chorus, showing the confinement of discrete
emissions to a single frequency band. Vertical and horizontal
striations are interference as discussed in the text. The
arrow on the frequency scale marks £ /2 (Williams~-Mead
model). Satellite coordinates and 3~ 8ur K are given on the
right. The banded chorus is accompanied byphiss in the third
and fourth example.
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at the equator [Burtis and Helliwell, 1969]., The individual discrete
emissions in this band may be of any spectral shape (risers, falling
tones, "hooks', etc.) but typically one shape is dominant for any given
time period on the order of an hour. The 'chorus' made up of these
discrete emissions appears similar to that recorded for many years at
ground stations, but occurs in a limited frequency range whereas ground-
observed chorus often occurs in several bands over a wide range of
frequency (e.g., Helliwell [1965], figures 7-35, 7-43, 7-58, etc.).
Banded chorus was found to be the most common type of VLF activity in
the high Ro region, generally beyond the plasmapause.

Banded EEEE’ the second type of activity, is illustrated in Figure 3.
It consists of an unstructured band of noise occurring in the same
frequency range (0.1 < f/fHO < 0.6) as banded chorus. By definition
there are no narrowband, discrete emissions discernable in pure banded
hiss; however, it is often accompanied by banded chorus as in the last
two examples of Figure 3. Banded hiss is not as common as banded chorus
but occurs in a roughly similar region.

Low-frequency noise, the last type of activity, is shown in

Figure 4. It consists of noise well below the banded chorus frequency,
and with further study could perhaps be differentiated into several
categories. Most often if is simply broadband hiss extending from the
lowest frequencies on the record (about 300 Hz) to an upper cutoff of

perhaps 0.1 T However, the upper cutoff does not always follow the

Ho

minimum gyrofrequency as the satellite moves in RO ; often during a
given pass the frequency remains constant over a wide range Of, fHo

Sometimes the noise does not extend down to 300 Hz, but in all cases
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Ro-’-' 4|

® =-00.5°
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© LT=09:00
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0GO-| 15 OCT 66 2312:30 UT

Ro=6.0
& =+27.2°
LT=09:40
Kp= 4-

FIGURE 3. Examples of banded hiss, showing the confinement of non-
structured activity to a single frequency band somewhere
between 0.1 and 0.6 £ . Some structured banded chorus is
also present in the 1agt two examples. In the 27 June record
the horizontal lines are at multiples of one-quarter the
measured local gyrofrequency
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Ro=4.l
D=+14.7°
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FIGURE 4. Examples of low-frequency noise. Note that activity is far
below the f /2 arrow (off scale in the fourth example) and
extends to tgg low frequency cutoff of 300 Hz. Whistlers are
also present in the first, third and fourth examples.
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the lower cutoff is far below 0.1 fHo . Only rarely are there discrete
emissions within the low-frequency hiss. Low-frequency noise was found o
be the most common type of VLF activity (excepting whistlers) in the low
Ro region, generally within the plasmagphere.

These three types of noise were defined and scaled according to their
appearance on the broadband spectrograms. As mentioned in the previous
chapter these spectrograms must be interpreted with caution. For instance,
broadband noise with an upper-cutoff frequency could appear banded in
the records due to the decreasing sensitivity of the OGO broadband VLF
receiver at lower frequencies. The examples in Figures 2 and 3 were
chosen from the 1966 data for which occurrence statistics were calculated.
Unfortunately digital data are not yet processed for this period, and we
cannot be certain that the activity in these examples is truly banded.
However the lower cutoff of banded chorus and banded hiss is usually
quite abrupt, and appears to be sharper than the 6 db per octave
rolloff of the receivers (the hiss in the fourth example of Figure 2
may be an exception). In any case, earlier 1965 digital data confirm
the existence of truly banded noise. During the inbound 0GO-1 passes
of March through May 1965, both banded chorus and banded hiss are
commonly observed in the broadband and digital data.

A representative éxample of this simultaneous digital and broadband
data is given in Figure 5. Typical banded chorus may be seen in the lower
half of the broadband spectrogram, with activity extending from about 2.5
to greater than 4.0 kHz. The broadband amplitude, to be discussed below
(Section F), is indicated by the upper trace on the spectrogram. A

single frame from the band 1 and band 2 digital stepping receivers is

~15- SEL 69-019




*1X93 9Y] UT POSSNOSIP SOT1STJI9]10BIBYD

JoATs0ad 031 onp uwexdogjooads pueqpeo.aq Byl UO PIAIOSHO 10U ST JDATSD9J T pueq o9yl UO ZHY Z°I

MOT80 SSTON

* I9ATSO0J 7 pueq 9Yj] UO JUSPIAD ST UOTIBIpPBI popueyg

*(g pueq ‘zg 091 ~ -1 Ppueq

‘ZH 0% ~ ) YIPImpueq J91ITF 9Yl J040 eumwes ouo MO[eq gp Ur ST opnjijdwe {[eae] osIou ayjg

21 20TPUT SPJAOOSI TBITSIP 99Uyl U0 SOULT poysed
1SITI SY3 S20BJIY MOJIJe 9yl -euweS auU0 MoTeq

A1TATIOE8 SNJIAOYD pPapuUeq oYl 2A0(E PO1JosUT 90BJ31 opnitidue pueqpeodq oyl

*moTeq umoys deams Aousnbeuay g pueq sayyz Jo aaed

qp Ul pojeaqTIeD A[9ATIBIUS] ST ZHY € ~ 138

1 OO UO SISATODDJI

Surdeoms TeaTSIp g pueq pue ] pPueq SYj] PUEB JOATSO9J PUBYPEOJIQ 9Y] WOII BIEBP SNOSUBLTNUWLS

ZHM2l Ol 8 9 v 2
P=dy VA WY
Ov:L0= 11 &..«.
082-= P "
gb = 0y
2 aNve

eSOl
+

NJ,._-N._--.‘.:@,_:J..MMV.-:--w.,mom-
(0.-
, 106
:0g-
Agp

| dNvVd

1N 00:6£60 G9 AV ¥2¢

I-090

dNvadavodg

*¢ 2Jn31g

16



shown below; the first part of the band 2 frequency sweep for this frame
is traced by the arrow on the spectrogram. The noise level of the digi~
tal receivers is indicated by the dashed lines. Activity may be seen

on the band 2 receiver between about 2 and 7 kHz, strongest at about

2.8 kHz; this corresponds to banded chorus. The separate peaks of the
amplitude trace are caused by the receiver stepping through successive
emissions. As for most cases of banded chorus and banded hiss which
have been compared with digital data, there is a definite low-frequency
cutoff, and the activity is certainly banded.

A separate band of activity may be seen on the band 1 receiver between
about 0.3 and 1.2 kHz. While this is only slightly weaker than the banded
chorus it does not appear at all on the broadband spectrogram. This
illustrates how the decreased sensitivity of the broadband receiver
at low frequencies, coupled with the receiver AGC and non-linear photo-
graphic processing, may cause low-frequency activity to be obscured on
the broadband spectrograms. This activity on the band 1 receiver seems
to be independent of the banded chorus and on other occasions does not
appear although banded chorus or banded hiss is evident in the digital
data. It seems similar to low~frequency noise as defined above. Dunckel
and Helliwell [1969], using digital data from the first 100 passes of
OGO 1 (September 1964 ; May 1965), found that in the magnetosphere as
a whole the strongest VLF radiation occurred below 500 Hz 84% of the time.

To map the occurrence of each type of activity, the 1966 broadband
data were sorted into eight 3-hour blocks in local time (LT) and seven
1-unit increments in Ro . The number of passes in each compartment of
Ro - LT space varied from 7 to 32 (the few compartments having fewer
than 7 passes wére considered to have insufficient data for statistical
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purposes and are indicated by dashed lines in Figure 7y. 1f, during a
pass, a type of activity occurred anywhere in the compartment it was
considered an "occurrence' (typically if activity was present it lasted
over several compartments). The number of passes having an "occurrence’
divided by the total number of passes then determined the percentage
occurrence for each compartment.

Figure 6 shows the satellite orbits and activity for ohe represen-
tative 3-hour period, 2100 - 2400, plotted in the meridional plane. The
fieldlines are those of the Williams-Mead model for this local time
period. Solid lines indicate those portions of passes having no VLF
activity; x's indicate banded chorus activity; cross hatches indicate
banded hiss activity; and circles indicate low-frequency noise activity.
Compared to other local times the occurrence of VLF activity during this
period is relatively low.

The percentage occurrence for the three types of activity is pre-
sented in Figure 7 as a function of R, for the eight different local
time blocks. By scanning from the top of the figure downward, the radial
movement of the region of maximum occurrence throughout the day may be
visualized. The similarity of the regions of occurrence of banded chorus
and banded hiss is evident, as is the dissimilarity of the region of
occurrence of low-frequency noise. The following sections will discuss

the occurrence statistics for each type of activity in turn.

B. BANDED CHORUS
A single band of discrete emissions between about 0.1 and 0.6

times the minimum gyrofrequency on the fieldline passing through the
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FIGURE 6. Satellite orbits and activity for one
representative 3-hour local time block
(2100-2400 LT). X's represent banded
chorus, hatch-marks banded hiss, circles
low-frequency noise, and solid lines no
activity. R_is the magnetic equator
crossing distance of the magnetic field-
line (Williams~Mead model).
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satellite is the most common type of activity at RO greater than 4

or 5. As shown in Figure 7, the occurrence of banded chorus depends

on local time and RO . Although banded chorus is observed at all

local times, it is most common in the morning, from 0300 to 1500 LT,
when it is present about 50% of the time. The region of maximum
occurrence moves out from RO =4 - 5 before 0600 to Ro > 6 after
1200. During the late afternoon chorus is at a minimum, but activity
increases again after 1800 and the zone of maximum occurrence moves
slowly inward until the common morning activity begins. Although the
statistics showing chorus to be most common during the morning are based
simply on the presence or absence of activity, the morning activity also
tends to be stronger and more continuous than the evening actiﬁity, as
suggested by the examples in Figure 2.

Further perspective is gained by plotting the occurrence statistics
for banded chorus in the equatorial plane (Figure 8). The plane is
divided into the same compartments as the data, i.e., 3-hour blocks
of local time and l-unit increments of RO . Regions having insufficient
data (fewer than seven passes) are unshaded; light shading indicates
0 - 20% occurrence; diagonal hatching indicates 20 - 40% occurrence;
and heavy shading indicates 40 - 62% occurrence. The curve of x's
marks an average position of the plasmapause for moderately disturbed
conditions as determined from 1963 whistler observations [Carpenter,
1966]. Also shown (for two locations) is the parallel energy of resonant
electrons under the assumption of transverse cyclotron resonance and a

model ambient number density in the equatorial plane.
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FIGURE 8.
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Occurrence of banded chorus as a function of

R and local time plotted in the equatorial
plane. Light shading indicates 0-20% occurrence,
diagonal hatching 20~40%, and heavy shading
40-62%. . Insufficient data in unshaded regions.
The curve of X's marks Carpenter's [1966]
average plasmapause position. Parallel energies
of gyroresonant electrons are calculated as in
the text.
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It has been shown [Burtis and Helliwell, 1969] that there is reason
to believe that banded chorus is generated near the equator and propagates
approximately parallel to magnetic fieldlines. Figure 8 may then be
interpreted as showing that the principal generation region lies beyond
the plasmapause, and moves out farther from the earth later in the
morning, perhaps reaching as far as the magnetopause during early after-
noon. The corresponding change in L-value is slightly greater than the
change in RO since the field is more compressed in the noon meridian.
This locus of maximum occurrence is reminiscent of calculated drift paths
of ~1 - 10 keV electrons assuming an east-to-west electric field
across the magnetosphere [Brice, 1967; Kavanagh et al., 1968]. This
region is also similar to the region where Carpenter {1966, Figure 12]
found the largest number of whistlers beyond the plasmapause, although
this number is still small compared to the number of whistleré within
the plasmasphere., Whistlers were not seen in this region in the present
study, suggesting the satellites did not pass through active ducts during
the period studied. This suppor%ts the conclusion of Burtis and Helliwell
[1969] that banded chorus is generally non-ducted.

It is often assumed that the generation mechanism for discrete
VLF emissions basically involves gyroresonance between the circularly
polarized whistler-mode waves and electrons gyrating along magnetic
fieldlines [Brice, 1964b; Helliwell, 1967). Applying the resonance
condition that electrons see a wave frequency Doppler-shifted to their
gyrofrequency by their parallel velocity, and using the empirical

observation that the banded chorus frequency is ¢lose to half the
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equatorial gyrofrequency [Burtis and Helliwell, 1969], we obtain

v
£ = P ¢ _ L
v - v H H
p 1]
where f = wave frequency

fH = electron gyrofrequency
vp = wave phase velocity
v, = electron velocity parallel to magnetic field.

This implies = ~-v , i.e.,

1 P

is equal to the phase velocity of the waves but in the opposite direction.

the parallel velocity of resonant electrons

The parallel energy of resonant electrons can be found by substitu-

ting the well-known expression for whistler-mode phase velocity and

i that f = f_/2
recalling tha H/
n c?
1 2 2 e 255.5 keV
E” = —z-meVp ot 3 = 9
fo £
1 4 ————— 1 4+ 4|==2
- f
f(fH ) fH

where

E,

1l

parallel kinetic energy of resonant electrons

me = electron mass
¢ = gspeed of light
fo = plasma frequency.

Using the Williams-Mead model to determine f and the whistler measure-

H

ments of Angerami and Carpenter [1966] to determine fo , values of

E, are found to be on the order of 10 keV throughout most of the
region where banded chorus is most common. Vasyliunas [1968] has
reported large fluxes of electrons with spectral energy peak somewhat

above 1 keV outside the plasmapause prior to 0600 LT, with gradually
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FIGURE 9.

Occurrence of banded chorus as a function of
quasi-invariant latitude QINV and local time.
QINV was determined by tracing the Williams-
Mead fieldline from its equator crossing R
to its intersection with the earth. Note
that low R data blocks cover a wider range
of QINV. SRading as in Figure 8.
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Comparison of occurrence of VLF chorus. The
diagonally hatched region is based on 0GO-1
and OGO-3 occurrence of banded chorus as a
function of QINV. The dotted region is based
on Injun-3 topside ionosphere VLF data [Taylor
and Gurnett, 1968] as a function of true in-
variant latitude. The heavy curved line is’
based on ground observations of chorus [Pope,
19631 as a function of "eccentric latitude."
See text.
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decreasing fluxeg later in the morning. Banded chorus and associated
precipitation may be an important loss mechanism for these particles.

To facilitate comparison with high-latitude ground measurements,
the occurrence statistics for banded chorus are converted from R0 to
an equivalent quasi-invariant latitude (QINV) and presented in Figure 9.
QINV was found by tracing the Williams-Mead fieldline through the
satellite to its intersection with the earth (QINV as defined here does
not include internal field harmonics and so is not strictly true
invariant latitude). Note that low Ro data blocks ocover a compara-
tively wide range of QINV, and because of variations in field compression
the high Ro blocks cover different QINV at different local times.
Regions having occurrence from 0 - 20%, 20 - 40%, and 40 - 62% are
shaded as in Figure 8. This presentation should be especially useful
for correlation with particle precipitation, x-ray microburst, and low
altitude VLF experiments.

The banded chorus occurrence statistics are compared with topside
ionosphere and ground station VLF chorus statistics»in Figure 10. The
diagonally hatched region is where OGO 1 and OGO 3 most commonly observed
banded chorus (40 - 62% of the passes). The dotted region is where Taylor
and Gurnett [1968] report 0.2 - 7.0 kHz magnetic field strengths exceeding
1.8 milligammas more than 20% of the time on Injun 3 in the topside
ionosphere, regardless of the type of activity, plotted as a function
of true invariant latitude. The heavy curved line is where Pope [1963]
reported the local time of maximum chorus activity (aurally scaled)
for ground stations at various eccentric latitudes (eccentric latitude
is obtained by centering the geographic latitude grid on the geomagnetic

pole).
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The Injun-3 data in Figure 10 include all types of VLF noise and
thus are not directly comparable with data on discrete emissions alone,
However, the data after 1600, at lower invariant latitudes, are thought
to be primarily what Taylor and Gurmett call "ELF hiss', by analogy
with OGO observations here of low-frequency noise.* The remainder of
the Injun-3 data are thought to be a mixture of ELF hiss and VLF chonus.
The region of occurrence is nevertheless roughly comparable with that
of magnetospheric banded chorus.

Figure 10 shows a moderately good correlation between the OGO data
and Pope's ground data. Both show a similar tendency for the peak
chorus occurrence to move to higher latitudes later in the morning.

The ground maximum appears to be at slightly lower latitudes than the
magnetospheric maximum. This may be related to increased ionospheric
absorption of VLF frequencies at high latitudes. The apparent discre-
pancy before 0600 is partly explained by the fact that chorus occurred
much less frequently for this portion of Pope's curve. Laaspere et al.
[1964] found the local time of maximum chorus occurrence to be ©Gonstant
at about 0600 for ground stations below 550, becoming later only at
higher latitude stations. They also reported an abrupt decrease in
chorus occurrence below 50O magnetic latitude.

Russell et al., [1969] using the search-coil magnetometer on
0GO 3, have recently reported two distinct classes of activity at
frequencies between 10 and 800 Hz: 'steady noise" and '"'noise bursts”.
When the lower frequency range of their experiment as compared to the
present is considered, the occurrence region of "noise burstsf appears

to be roughly consistent with that of banded chorus.

This gquestion is currently being investigated.
SEL-69-019 - 28 -




The similarities between discrete emissions observed in the
magnetosphere (banded chorus) and discrete emissions cobserved for
many years at ground stations include (1) the same overall frequency
range, (2) roughly similar spectral characteristics, and (3) similar
regions of occurrence with respect to magnetic shell and local time,.
Ground observed chorus differs from banded chorus in that (1) it often
occurs in several bands over a wide range of frequency, and (2) it
often appears to be triggered by whistlers., If it is assumed that
banded chorus is generally non-ducted [Burtis and Helliwell, 1969],
then it should not be possible for the radiation to reach low altitudes
[Thorne and Kennel, 1567]. Indeed, it has proved to be very difficult
to mateh identical emissions on the satellite and ground records. As
will be reported in a separate paper, what is believed to be nonducted
banded chorus is occasionally observed on the low altitude satellite
0GO 2. Most of the chorus seen in the topside ionosphere and on the
ground, however, is tentatively interpreted as banded chorus radiation
which was generated in or later became trapped in the same type of ducts

that allow whistlers to penetrate the ionosphere.

C.  BANDED HISS

A band of unstrucﬁured noise at the same frequency as banded chorus
is obten observed both with and without the latter. As shown in Figure 7,
the region of occurrence of banded hiss is generally similar to that of
banded chorus, with activity confined to relatively low Ro at night
and moving outward during the daytime hours. Hiss was observed less
frequently than chorus in the morning, 03 = 15 LT, but during the rest

of the day the two were about equally likely. It was found that the
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peak occurrence of banded hiss was at slightly lower RO than the peak
occurrence of banded chorus for most local times. The general similarity
of banded chorus and hiss in terms of frequency and region of occurrence
suggests combining them into a single category of VLF radiation. The
percentage occurrence for this combined category is less than the sum of
percentage occurrence for banded chorus and banded hiss, howéver, since
the two often occurred simultaneously and hence are not mutually exclusive.
The combination of banded hiss and banded chorus at low frequencies,
as in the fourth example of Figure 2 and the last two examples of Figure 3,
is similar in appearance to the 0.5 - 1.5 kHz "polar chorus' observed at
high latitude ground stations and described by Ungstrup and Jackerott
[1963]. While these authors suggested that polar chorus might be funda-
mentally different from the higher frequency chorus observed at lower
latitude ground stations, the present study shows a continuous range of
frequency of chorus as a function of magnetic shell in the magnetosphere.
Other distinguishing features of polar chorus noted by Ungstrup and
Jackerott include later local time of occurrence (consistent with 0GO
observations at these frequencies), negative correlation with Kp
(perhaps due to ionospheric absorption), and more pronounced seasonal
variation (as might be expected at high latitudes). It seems likely
that both polar chorus and lower latitude ground-observed chorus are

manifestations of magnetospheric banded chorus and hiss.

D. LOW-FREQUENCY NOISE
Noise below about 0.1 times the minimum electron gyrofrequency on

the fieldline through the satellite, usually extending down to the
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300 Hz low-frequency cufoff of the equipment, was found to occcur in a
distinctly different region than banded chorus and banded hiss. Figure 7
shows that low-frequency noise was observed on about 70% of the passes
regardless of local time inside Ro = 4 . The arrows in Figure 7 indicate
Carpenter's [1966] average position of the plasmapause, and it is clear
that low-frequency noise is common in the higher density plasma region
inside this boundary. It is less clear that the apparent drop in
occurrence outside the plasmapause is real. Because the broadband
receiver discriminates against low frequencies, higher frequency banded
chorus and hiss may often obscure low-frequency noise beyond the plasma-
pause as suggested by Figure 5. As previously mentioned, Dunckel and
Helliwell [1969] found the strongest radiation usually to occur below
500 Hz, typically within the range of low-frequency noise, even beyond
the plasmapause. On the other hand, banded chorus is often intermittant
or entirely absent on the broadband records from this region, yet low-
frequency noise does not appear even when the AGC has increased the
receiver gain. While it is probably true that low-frequency noise is
less common outside the plasmapause than inside, the decrease in
occurrence is probably not as abrupt as indicated in Figure 7.
Low~-frequency noise seldem shows any discrete structure; it is
usually hiss. Of 214 éamples with low-frequency noise activity, only
22 were found to have discrete, narrowband emissions in the same fre-
quency range. These cases occurred at a median R0 of 3.7 , and the
average frequency of the emissions was 0.09 fHo . In one case the
emissions seem to have been reflected at low altitudes sincg they

were seen Tirst at a ground station and later on the satellite.
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Taylor and Gurnett [1968], using the low altitude satellite Injun 3,
report a type of noise they call "ELF hiss' which seems to be similar to
low-frequency noise. It is siowly-varying "hiss with frequency components
from a few hundred Hz up to about 2 kHz" and is the most common strong
VLF radiation observed on Injun 3. Russell et al. [1969] also report
"steady noise' at frequencies below 1 kHz on OGO 3 which seems to be
similar to low-frequency noise. They observe steady noise primarily
at L-values less than 6 but also above L = 6 at high magnetic latitudes
on the dayside. The generation and propagation of low-frequency noise
is an interesting problem but due to measurement difficulties inherent
in the broadband receiver it was not pursued further in the present

study.

E. COMPARISON OF OGO-1 AND 0OGO~3 DATA
It is important to check whether the particular satellite used to

gather the data has any effect on observed activity since OGO 1 and
OGO 3 supplied data for separate regions of the magnetosphere. In
particular, data from 12 LT through the evening to 03 LT were pre-
dominantly OGO 3, while data from 03 to 09 LT were predominantly
OGO 1, as indicated in Figure 7. The period 09 to 12 LT had about
15 passes from each satellite over a wide range of R0 , and was used
to check for independence. The test showed generally good agreement
between the satellites in trends and even in values of percentage
occurrence, considering the limited number of passes. The following
differences were noted for the 09 to 12 LT period:

1. Banded chorus peaked at slightly lower R, on OGO 1. This

is the same trend shown in Figure 7; however, the outward
shift between 06 -~ 09 (0GO 1) and 12 - 15 (OGO 3) is much
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greater than the difference between 0G0 1 and 0G0 3 found here

from 09 - 12. Therefore the outward shift is believed to be
real .

2. Banded hiss was somewhat more common for all R on OGO 3.
If hiss is always more common on OGO 3, the period 03 - 09 LT
(OGO 1) might be expected to show a decrease in hiss. Since
it does not seem to, the increased occurrence on 0GO 3 from
09 - 12 is attributed to statistical fluctuation.

3. Low-frequency noise fell off faster with R, on OGO 3. This
is the opposite to the trend shown in Figure 7, where for
03 - 09 (OGO 1) the low-frequency noise falls off faster than
for most other time periods.
It is therefore concluded that the data are substantially free of
bias from the two different satellites, which are supposed to have
essentially the same instrumentation., Differences in the data, as noted

above, are minor; the major diurnal trends shown in Figure 7 are thought

to be real.

F. AMPLITUDE OF BANDED CHORUS

The OGO 1 VLF experiment includes a voltage controlled oscillator
(VCO) whose frequency deviation was designed to be approximately pro-
portional to the logarithm of the broadband (0.3 - 13.0 kHz) amplitude
[Rorden et al., 1966].* Unfortunately the absolute values of the VCO
frequency in flight are not the same as the prelaunch values; this may
be related to an unexpected thermal environment caused by the space-
craft's spin or to a component failure. By autumn 1966 the VCO sync
frequency had settled down to a constant 35.1 kHz, as compared to
32.2 kHz before launch: a 9% increase. According to one of the
designers [B. Ficklin, private communication] it is not unreasonable

to assume that the in-flight deviation from sync to the measured value

)
The VCO was employed on OGO 3 to provide ELF (15 - 300 Hz) waveforms.
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is then also 9% greater than the prelaunch deviation for the same
amplitude. The prelaunch calibration curves, suitably modified by the
above assumption, then yield a preliminary estimate of broadband
amplitude. This estimate is conservative in the sense that the ampli-
tude obtained by the modified calibration curves is less than that
obtained using the prelaunch curves; the difference approaches 10 db

at the largest signal strengths. Nevertheless, the preliminary estimates
of amplitude obtained by this method seem quite large and may have to be
revised downward. While there is uncertainty in the absolute values of
amplitude thus obtained, dynamic amplitude variations such as rise and
fall time should be quite accurate. The VCO response time is approxi-
mately 3 msec , determined by a post-detection 300 Hz low-pass filter
in the VCO channel.

The amplitude VCO has been inserted above the banded chorus activity
in Figure 5 and tentatively calibrated by the above assumption. The
broadband amplitude is seen to range between about 20 and 40 db below
one gamma (ly = 10_5 gauss). The digital data in Figure 5 show the
narrowband amplitude in db below one gamma over the digital receiver
filter bandwidth (band 1, ~ 40 Hz; band 2, ~ 160 Hz) for each step in
the frequency sweep. When this narrowband amplitude data is integrated
over the frequency range 6f the broadband receiver, a broadband amplitude
of -34 db ¥ is obtained for this particular sweep. This is consistent
with the tentative calibration of the broadband VCO. Most of the power
(67%) is contained in the banded chorus between 2.7 and 3.7 kHz;
low-frequency noise from 0.3 to 1.0 kHz accounts for anothgr 27% .

Whereas the most important contribution to the average wideband intensity
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for the entire magnetosphere has been found to lie below 500 Hz
{Dunckel and Helliwell, 1968], this example shows that the strongest
contribution can at times lie elsewhere; in particular, at banded
chorus frequencies.

Figure 11 shows some representative banded chorus emissions and
their amplitude variations. The amplitude VCO is tentatively calibrated,
under the above assumptions, in db below one gamma. The apparent
noise level and calibration depend on the frequency of the radiation
because of the 6 db/octave frequency response of the broadband
receiver. The first and second spectrograms were calibrated for
f = 1.8 kHz , the third for f = 6.7 kHz ., Since the frequency of
the emissions is actually varying, for example, by over one octave
in the second spectrogram, the indicated calibration should be increased
by about 3 db for f = 1.3 kHz , and decreased by about 6 db for
f = 3.6 kHz . The regular, rapid oscillations of the VCO at about
1357:17 on 3 November 1966 result from the internal calibration signal
consisting of a square wave at harmonics of 1 kHz

The peak amplitudes of the emissions, as determined by the tentative
calibration, range from the noise level to about 100 milligammas, .and
occasionally higher. These examples were chosen from among the stronger
emissions found, and more commonly the amplitude would probably not
exceed 100 milligammas. Nonetheless, these (tentative) amplitude peaks
often exceed the levels caleulated by Kennel and Petschek [1966] as
being necessary for steady pitch angle diffusion by radiation well
below the electron gyrofrequency. Figure 11 shows that the emissions

typically build up to a peak value of short duration and then decay.
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FIGURE 11. Examples of the amplitude variation of banded chorus emissions
observed by OGO 1. The broadband amplitude, tentatively
calibrated in db below one gamma, is shown above the corres-—
ponding VLF spectrogram. The regular oscillations in amplitude
on 3 November are due to an internal calibration signal at
1 kHz and harmonics. Banded hiss is present with the chorus
on 15 October.
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The rise time is usually, but not always, shorter than the decay time.
The last emission of the 29 September example shows an unusual double
peak in amplitude. The short duration of maximum amplitude is in
contrast to Lee's [1968] spectral analysis of emissions observed at
ground stations, which show a relatively long duration of nemr-maximum
amplitude. These banded chorus amplitude spikes appear similar to the
X-ray microburst spikes reported by Venkatesan et al. [1968], which may

result from electrons precipitated by the banded chorus emissions.

G. LATITUDE DEPENDENCE

The dependence of VLF activity on magnetic dipole latitude ¢
was in general found to be less pronounced than the dependence on RO
and LT . Figure 12 gives the percentage occurrence for the three types
of radiation as a function of & for various values of Ro . In order
to obtain a significant number of samples it was necessary to use data
from a wide range of local times: banded chorus data were taken from
03 - 15 LT (the time of maximum occurrence), banded hiss data from the
same 03 - 15 LT period, and low-frequency noise data from 09 -~ 21 LT
(again approximately the time of maximum occurrence). Dipole latitude
¢ ias divided into 100 intervals; Ro into l1-unit increments. Percen-
tage occurrence was found by dividing the number of passes having
activity by the total number of passes in each compartment of % - RO
space. The number of passes in each compartment for which percentage
occurrence was calculated varied from 8 to 47. The remaining compgrt-
ments (having O - 5 passes) were considered to have insufficient data

for statistical purposes and are indicated by x's in Figure 12.
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Occurrence statistics for three types
of VLF radiation as a function of dipole
latitude & for various Ro' The local
time period is shown at the top. An X
indicates insufficient data (5 or fewer
passes) in given & -~ RO compartment.
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Banded chorus occurrence showed no consistent dependence on lati-
tude. All variations in percentage occurrence with latitude (Figure 12)
are thought to be attributable to the limited data sample. Russell et al.
[1969], using the 0GO-3 search-coil magnetometer, report a decrease in
occurrence of ''moise bursts' (from 10 to 800 Hz) with latitude. Their
data show this to be significant, however, only at L-values greater than
7 in which region processed broadband data for the present experiment are
relatively sparse. 1In this region the latitude dependence may be par-
tially due to the increased path length from the equator to a given
latitude, or to the fact that by ordering their data in L rather than
RO they are not including the effects of solar wind distortion of the
geomagnetic field.

Banded hiss occurrence likewise showed no consistent dependence on
latitude. The anomalously high percentage occurrence found for & =
40 - 50O between RO =5 and 7 is based onh only 10 passes and may
not be statistically significant.

Low-frequency noise, however, was found to be consistently more
common at high latitudes, as shown in Figure 12, This trend is clearly
evident for Ro less than 6 ; beyond R0 = 6 the observation of low-
frequency noise is uncommon at any latitude (Figure 7). Russell et al.
[1969] noted a similar-high—latitude preference for 'steady noise"
below 800 Hz on 0GO 3.

While the occurrence of banded chorus was found to be essentially
independent of latitude, the normalized frequency of banded chorus,

f/f was found to depend on latitude as suggested by Figure 13.

Ho '’
This data is from a separate study [Burtis and Helliwell, 196917,

including OGO-lyand 0G0-3 passes from 1965 - 1967 over a wide variety of
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FIGURE 13. The number of observations of banded chorus at
various normalized frequencies for dipole lati-
tudes ¢ within 10O of the equator and for all
other dipole latitudes. The banded chorus center
frequency f is normalized to the equatorial
gyrofrequency on the Williams-Mead fieldline
through the satellite, £ . The data sample
is that of Burtis and Hell3well [1969] and
includes a wide variety of passes from 1965 - 1967.
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orbits. When all latitudes were considered the banded chorus center

frequency { was typically anywhere in the range 0.1 to 0.6 f

Ho '
but when dipole latitudes were within 100 of the equator f was
typically between 0.4 to 0.6 fHo . The normalized frequency was
found not to depend on RO . This was interpreted as a propagation

effect in which nonducted banded chorus deviates glightly inward from
magnetic fieldlines while traveling earthward from a generation region

near the equator.

H. DEPENDENCE ON MAGNETIC ACTIVITY

All 28 OGO~1 passes in the 0600 - 0900 local time period were
studied to investigate the dependence of the three types of VLF activity
on magnetic disturbance. Worldwide 3-hour values of Kp measuring

magnetic agitation, and l-hour values of DS measuring symmetric,

t
iongifude—independent depression of the field were used as magnetic
parameters. The data were divided into consecutive 5-minute time
segments and the type of VLF activity, location of the satellite in R0 ,
and magnetic activity were noted for each segment, giving 397 data-
samples (33 hours of data). In order to qualify as a statistically
meaningful data point in R0 - Kp (or RO - Dst) space at least 12
data-samples including. at least 4 separate passes were required. Points
not meeting this criterion are indicated by dashed lines in Figure 14.
During the autumn 1966 period for which the data were obtained there
were at least four well-defined magnetic storms exhibiting a short interval

of increased DS a sudden drop of 50 to 100 gamma, and a slow, quasi-

_t b
exponential recovery to Dst =~ 10 . Values of Dst ranged from -38 to
* ‘ )
D ‘ values provided by World Data Center A, Rockville, Maryland.
S
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+37 with 32% of the samples having Dst > 10 (little or no field

depression) and 68% having Dst < 10 (significant field depression).

Values of Kp ranged from 0 to 6 with 51% of the samples having
0 < Kp < 1+ (magnetically quiet), 44% having 2" < Kp < 4+ (moderately
disturbed), and 5% having 5 S Kp < 6 (magnetically active).

It was found that the occurrence of banded chorus depended markedly
on magnetic activity, whether measured by Kp or DSt . Figure 14

shows that banded chorus occurred much more commonly for moderately

il

disturbed periods (Kp 2 - 4) than for quiet periods (Kp =0 -1)

5 - 6 the frequency of occurrence jumped

for all R . For R
o o
from 13% (quiet) to 89% (moderately disturbed), and over the entire
region RO = 3 - 9 the banded chorus activity increased from 12% to
49% . There seemed to be a slight tendency for chorus to spread to
higher Ro with increased Kp as suggested in Figure 14. The two
passes during magnetically disturbed periods (Kp = 5 - 6) covered only

high RO regions but exhibited chorus activity over 50% of the time

for Ro =6 - 9 . Banded chorus showed a similar dependence on DS

t
the frequency of occurrence over the entire region increasing from 9%
for Dst > 10 to 39% for Dst <10 . 1In a study of VLF chorus
observed at ground stations, Pope [1963] reported a similar positive
correlation between Ké and occurrence, except at auroral latitudes
where ionospheric absorption may be expected.

Banded hiss and low-frequency noise were found to be less dependent
on magnhetic activity (Figure 14). The occurrence of banded hiss
actually decreased from about 14% for Kp =0 -1 +to 9%, for
Kp = 2 - 4 . (Banded hiss behaved similarly with regard to Dst ,
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being slightly more common for Dst z 10  than for Dst < 10 .) Low-
frequency noise also was observed more often during magnetically quiet
periods, especially for low Ro . For RO = 3 - 4 low-frequency noise
was observed 76% of the time with Kp =0 -1, but only 38% of
the time with Kp =2 - 4

Banded chorus activity for the 06 - 09 LT period is further
described in Table 1 and Figures 15 and 16. The table gives a concise
description of the spectral shape, purity and strength of individual
discrete emissions making up banded chorus for each pass of OGO 1.

Figure 15 shows spectrograms of the banded chorus activity for 5 of

these passes, arranged in order of decreasing Kp . Note that the
amplitude VCO trace inserted above the VLF activity is uncalibrated and
its relative sensitivity is doubled in the second spectrogram. Figure 16
presents the values of Dst for a 3-week period bracketing many of the
above passes; in particular passes a, b, ¢, and d refer to the top four
spectrograms of Figure 15.

From the above illustrations it is seen that weak and scattered
emissions, often diffuse and fuzzy, tended to occur during magnetically
quiet times, whereas strong and continuous, often sharply defined
emissions tended to occur during moderately disturbed times. Furthermore,
at least for the period sfudied, falling tones and quasi-constant tones
were more common for Kp =0 - 1, whereas risers and hooks were more
common for Kp = 2 - 4 . Passes during the main phase of magnetic
storms shown in Figure 16 had strong banded chorus activity, while
those during the initial and recovery phases showed less marked
activity, as might be expected from the correlation between Kp and
D

st
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TABLE 1. BANDED CHORUS ACTIVITY, OGO 1, 06-09 LT.
DATE R - 56 R - oo
K = 0-1 9/21 Occasional triggered periodics None
p and gquasi~constant tones
10/02 Falling tones *
10/10 | Short falling tones *
10/13 Fuzzy risers *
10/18 | Bursts of risers None
10/21 | None *
10/23 Quasi-constant tones *
11/08 | Short falling tones None
trigger risers
11/11 Fuzzy risers None
11/14 | None None
11/16 | Dots None
11/22 None None
11/24 None None
11/27 * Risers
K, = 2-4 9/16 | None *
9/24 None *
9/27 Many risers *
9/29 Risers and falling tones Risers
10/07 Bursts of falling tones None
10/15 Many strong risers and None
hooks (large Af)
10/26 Many risers and hooks Many strong risers
and hooks
10/31 Many strong risers Many strong risers
11/03 | Risers and falling tones *
11/06 | Risers Risers
11/16 | * None
11/19 Risers Risers
11/27 | * Risers
K = 5-6 11/30 * Many risers
? 12/02 None Occasional risers
*No data
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FIGURE 15. Examples of banded chorus for varying degrees of magnetic
disturbance (higher K at the top). The broadband amplitude
trace is uncalibratedpbut appears between 8 and 10 kHz (in
the second example it appears between 2.5 and 4.5 kHz and the
sensitivity is doubled; in the third example the noise level
is lower because an interfering experiment was off). These
examples are among those summarized in Table 1.
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I. AN UNUSUAL OBSERVATION OF NOISE ABOVE THE GYROFREQUENCY

On a single occasion narrowband VLF radiation was observed in the
magnetosphere at frequencies well above the expected local electron
gyrofrequency. This unique event occurred on 10 September 1966 as
OGO 3 was crossing the dipole equator and moving inward from R0 = 5.9
to RO = 5.2 at about 2000 local time. Figure 17 shows the orbit and
the various regions of activity. Before 0357 UT no activity is seen.
For the next 22 minutes strong bands of noise are observed both above
and below the local gyrofrequency. Then from 0418 to 0445 UFT the only
noise band is well below the local gyrofrequency, and in fact is just
below half the equatorial gyrofrequency as would be expected for banded
chorus. The banded chorus increases in frequency as the satellite moves
inward until at 0445 it ceases and soon thereafter whistlers begin to
appear.

The radiation above the electron gyrofrequency (as given by the
Williams - Mead field) appears in several narrow bands of slowly and
irregularly varying frequency and amplitude. The various bands fade in
and out and apparently are not harmonically related. They are usually
diffuse but occasionally discrete structure can be seen, Figure 18
shows a spectrogram of these noise bands as well as two frames of data
(from a slightly different time) from the VLF digital stepping receiver
on the same satellite. The horizontal bands of nearly constant frequency
are the activity of interest on the spectrogram -- at least two such
bands may be seen above the local gyrofrequency fH . The digital data
present magnetic field strength (db below one gamma) vs. frequency (kHz)

for three frequency bands. In the second frame, for example, there is
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FIGURE 17. O0GO-3 orbit for 10 September 1966,

during part of which radiation was
observed above the local (Williams-

Mead) gyrofrequency fH' The field-
line shows the approximate location

of the plasmapause. VLF activity is
indicated at the left.
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narrowband activity at 6.8 , 10.9 , and 16 kHz . The 16 kHz noise
has a field strength of nearly 10 milligammas (over the 600 Hz filter
bandwidth) and its frequency is approximately three times the expected
gyrofrequency of 5.4 kHz

Concurrent ground data from Byrd and Great Whale stations (L ~ 7)
at nearly the same meridian as the satellite show marked substorm
activity (planetary 3-hour Kp = 4+). Auroral VLF hiss is seen inter-
mittently at Byrd from about 0000 until 0413 UT; it is strongest at
about 0406. There are auroral breakups, as evidenced by sudden large
ULF micropulsation and 5577 X all sky photometer increases, at 0334
and again at 0413 at both stations. Byrd sees a final breakup at 0419,
the same time noise above the gyrofrequency ceases at the satellite.
Magnetic activity is comparatively low at both stations the remainder
of the night. While it is not certain that this substorm activity is
related to the radiation above the gyrofrequency at the equator, the
fact that the radiation ceases upon the final auroral breakup of the
evening is enticing,

Nose whistlers are received at Byrd throughout the period 0350 -
0440 UT. The nose frequency of the strong trace believed to be propa-
gating just outside the plasmapause increases from slightly over 4 kHz
to slightly over 5 kHé , although the poorly-defined leading edge makes
measurement inexact. This would indicate an inward movement of the
plasmapause from about Ro = 4,6 to RO = 4.3 . The equatorial electron
density at this distance can be estimated by measuring the time delay
between the causative spheric and the whistler at the nose frequency.

The 1.2 second time delay indicates an electron density of about
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32 cmmg, or a plasmafrequency of 51 kHz . Further out at the 0GO-3
position the density can be crudely estimated by assuming an R
distribution of electrons. At RO = 5.5 +the plasmafrequency would then
be about 31 kHz , considerably above the highest frequency radiation
observed.

Little theoretical analysis of this event has been undertaken;
however, two possibilities come to mind. First, the noise may in fact
be above the local electron gyrofrequency in which case it would not
propagate in the whistler mode. For example thermal plasmas may
exhibit electrostatic instabilities at frequencies near multiples of
the electron gyrofrequency [Stix, 1962]. Second, and probably less
likely, a very large particle flux might increase the local magnetic
field strength so the noise was actually below the electron gyrofrequency.
In any case temporary dynamic particle fluxes might be expected from the

substorm activity on the ground.
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IIT. SUGGESTIONS FOR FURTHER RESEARCH

Many avenues of fruitful research into banded chorus now seem possible.
In addition to the banded chorus frequency, the slopes of the emissions
should be scaled and studied statistically--consequences of the generation
theory of Helliwell [1967], for example, are that falling tones should not
be observed at the equator, rising tones should be about twice as common
at the equator as at high latitudes, and in general the slope of an
emission should be proportional to the distance from the equator to the
generation region. Banded chorus amplitudes, determined from the OGO-1
VCO or the digital data from either OGO 1 or OGO 3, should also be routinely
scaled and studied; both as a function of latitude or fieldline distance
from the equatorial generation region to determine the amount of attenu-
ation; and as a function of L and local time to determine the average
energy of banded chorus activity in different regions of the magnetosphere.

Detailed spectral analysis of individual emissions could provide valu-
able insight into the generation mechanism. The continuous frequency
spectrum of the OGO broadband data and the 3 msec time response of the
0GO-1 amplitude VCO permit detailed measurements of such parameters as
rise time, decay time, bandwidth, and the variation of frequency, amplitude,
and bandwidth with time. Correlation of banded chorus with OGO low energy
(1-50 keV) electron measurements, both statistically and in case studies,
would also be highly interesting.

Study of the average variation of the normalized frequency f/fHo has
suggested that banded chorus is nonducted and in general deviates to
lower L-values as it propagates earthward. Detailed study of the variation

of normalized frequency for particular passes might lead to the identification
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of ducts (c.f. ground whistler data), electron density gradients (c.f.
OGO mass spectrometer data), and magnetic field distortions (c.f. 0GO
magnetometer data) in the plasma trough.

Present understanding of the relation of ground observed chorus to
banded chorus is quite limited. A wealth of OGO-2 and 0GO-4 data are
available for this sort of study, although observations at higher altitudes
(e.g. 6000 km, 550 magnetic latitude) would be useful. Efforts to match
ground emissions to satellite emissions should be continued--simple
ground VLF receivers at the satellite tracking stations would be particu-

larly helpful for this purpose.
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